IMPORTANCE Maternal depression and anxiety can have deleterious and lifelong consequences on child development. However, many aspects of the association of early brain development with maternal symptoms remain unclear. Understanding the timing of potential neurobiological alterations holds inherent value for the development and evaluation of future therapies and interventions.
D epression and anxiety are common during pregnancy. [1] [2] [3] These disorders are estimated to affect 7% to 20% of pregnant women 4 ; however, many women reach only a subclinical threshold 1 and are not formally diagnosed. Nonetheless, such symptoms pose significant risks not only to mothers but also to their offspring. 5, 6 The sequelae of depression and anxiety symptoms may affect the mother's physiologic responses to distress, 7 perturbing the intrauterine environment and consequently altering fetal and postnatal development. 8, 9 Mounting evidence links prenatal exposure to maternal depression and anxiety with poorer outcomes in children, including increased negative reactivity, 10 emotional and behavioral difficulties, 11 lower verbal IQ, 12 and physical health problems. 13 Origins of such maladaptive child outcomes likely have a neurobiological basis, but the extent and timing of neurodevelopmental alterations associated with maternal depression and anxiety symptoms are not well understood.
There is increasing recognition that prenatal maternal stress, depression, and anxiety affect the developing brain, particularly white matter microstructure. White matter is composed of myelin and axons that connect brain regions and facilitate interneuronal communication 14 and is continuously shaped throughout life. [15] [16] [17] This prolonged maturation makes white matter susceptible to early-life influences, which may have cascading effects on subsequent development. 18, 19 Diffusion tensor imaging (DTI) has been used to examine the association of maternal depression and anxiety with white matter microstructure. [20] [21] [22] [23] [24] [25] Diffusion tensor imaging provides metrics of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), which characterize properties of water diffusion in the brain that are sensitive to white matter microstructure features.
26,27
Nonhuman primate research has found widespread white matter alterations as a result of exposure to prenatal adversity. [20] [21] [22] In humans, increased second-trimester and postpartum maternal depression levels were negatively associated with white matter microstructure in offspring when assessed at preschool ages. 23 In neonates born to mothers with low and high levels of depression, researchers found lower FA and AD in the right amygdala, 24 as well as variations of FA across limbic and prefrontal regions, including the right uncinate and inferior fronto-occipital fasciculi, insular, and parahippocampal white matter. 25 Collectively, these studies [23] [24] [25] provide converging evidence that white matter may be vulnerable to prenatal maternal adversity. However, it is important to further examine this influence over the continuum of prenatal maternal symptoms, including low and moderate levels. Moreover, in previous studies, [23] [24] [25] DTI was used to characterize brain microstructure. Although informative, DTI lacks microstructural specificity. 28, 29 Techniques such as neurite orientation dispersion and density imaging (NODDI) 30 may provide improved specificity, allowing new insight into white matter alterations.
To further understand the association between prenatal maternal depression and anxiety symptoms and infant white matter microstructure, we examined mothers with a broad range of symptom severity and performed magnetic resonance imaging (MRI) on their 1-month-old infants to quantitatively characterize early white matter microstructure. Prenatal maternal symptoms were measured at 28 and 35 weeks' gestation, and infant white matter microstructure was evaluated using DTI and NODDI. 30 Guided by previous observations that suggest that prenatal exposure to maternal depression and anxiety affects males and females differently, 31,32 we also investigated associations separately for male and female infants.
Methods

Study Design and Participants
Mother-infant dyads (N = 149) participated in sessions as part of an ongoing longitudinal study of the association between early-life experience and infant brain development. Mothers needed to be aged 18 to 40 years, have no diagnosis of psychotic illnesses (eg, schizophrenia, bipolar or borderline personality disorder), and no major autoimmune diseases or infections during pregnancy. Infant inclusionary criteria consisted of uncomplicated singleton birth, no preexisting neurologic conditions or major head trauma, neonatal intensive care unit stay limited to observation only (ie, no interventions), and infant discharged from the hospital with the mother. Criteria were confirmed through interviews with mothers and collected medical records. All study procedures were in accordance with the institutional review board at the University of Wisconsin, Madison. Written informed consent was obtained from each participating family.
Prenatal Maternal Depression and Anxiety Symptoms
Mothers completed the 10-item Edinburgh Postnatal Depression Scale (EPDS) 33 Findings In this cohort study of 101 mother-infant dyads, prenatal maternal depression and anxiety symptoms were associated with infants' white matter microstructure at 1 month of age. Moreover, analyses suggest that prenatal maternal depression and anxiety may be differentially associated with infant male and female microstructure.
Meaning The prenatal environment is important to early brain development, and underlying white matter microstructure may be susceptible to the continuum of maternal depression and anxiety symptom exposure during the prenatal period.
measures were strongly correlated within and across time ( Table 1) , and a principal components analysis that incorporated the 4 measures indicated 1 principal component that accounted for 69.5% of the variance attributed to individual items. This robust depression and anxiety composite was used in subsequent analyses, with higher scores indicative of higher levels of depression and state anxiety symptoms.
MRI Data Acquisition
Magnetic resonance imaging was performed from October 1, 2014, to November 30, 2016, on a 3-T scanner (MR750 Discovery scanner; General Electric) equipped with a 32-channel head RF array coil (Nova Medical). Scanning occurred at 1 month of age during natural, nonsedated sleep. 35 As previously described, 36,37 a MedVac vacuum immobilization bag (CFI Medical Solutions) and foam cushions were used to limit intrascan motion. Noise from the scanner was reduced by derating gradient amplitudes and slew rates and using a soundattenuating bore insert, malleable ear plugs, and neonatal ear covers (MiniMuff; Natus Medical Inc). Electrodynamic headphones (MR Confon) played white noise during image acquisition. Diffusion-weighted images (DWIs) were acquired using a single-shot, spin-echo. echo-planar imaging pulse sequence. The 10-minute protocol included 69 DWIs, with 9/18/36 diffusion-encoding gradient directions at b = 350/800/1500 seconds/mm 2 , respectively, and 6 with no (b = 0 seconds/ mm 2 ) diffusion weighting. Additional imaging criteria consisted of the following: in-plane resolution, 2 × 2 mm; slice thickness, 2 mm; repetition time, 8400 milliseconds; echo time, 94 milliseconds; and bandwidth, 3906 Hz per pixel.
Image Processing
The DWIs were manually assessed and individual volumes dropped if artifacts were present. The DWIs were coregistered to account for distortion, translation, and rotation from bulk head motion and eddy currents. 38 Gradient directions were corrected for rotations. 39 After removal of nonparenchyma signal (ie, 3dSkullStrip 40, 41 ), robust estimation of tensors by outlier rejection 42 (as part of the diffusion imaging in Python Package
43
) estimated the diffusion tensors, and FA, MD, RD, and AD maps were derived. 44, 45 Each of these tissue criteria reflect quantities sensitive to the underlying microstructure: FA is a scalar quantity between 0 and 1 that describes the degree of diffusion anisotropy, MD reflects total water mobility, AD describes diffusivity along the main fiber orientation, and RD describes diffusivity perpendicular to the main fiber axis.
29,45
The NODDI model was also fit to the DWI data. 30 The volume fraction of the intracellular or restricted diffusion compartment (ν IC ), the volume fraction of an isotropic diffusion compartment (ν ISO ), and the orientation dispersion index (ODI) were estimated. Restricted diffusion is attributed to axons and dendrites (neurites); thus, ν IC is interpreted as an index of neurite density, whereas cerebrospinal fluid or isotropic diffusion is attributed to ν ISO . The ODI quantifies the angular variation of the neurite orientation (ie, dispersion and fanning) and is sensitive to the degree of fiber coherence.
30
The participants' FA maps were aligned to a studyspecific template as previously described. 36 The DTI and NODDI variable maps were brought into study-specific template space by applying the deformations and smoothed with a 5-mm full-width, half-maximum Gaussian filter.
Statistical Analysis
Statistical analyses used general linear models (GLMs) to test how prenatal maternal adversity (composite of depression and anxiety symptoms) was associated with 1-month infant white matter microstructure. Sex × symptom interaction and sexspecific GLMs were also used to examine differential associations between prenatal maternal adversity and infant brain in males and females. Voxel-wise GLMs were tested for each DTI (FA, MD, RD, and AD) and NODDI (ν IC and ODI) quantity and restricted to white matter (eFigure 1 in the Supplement). Multiple comparisons were accounted for by using nonparametric permutation testing (FMRIB Software Library's randomize tool and 10 000 permutations) and cluster-based correction, 46,47 with an initial cluster threshold of t>2.3 (approximately P < .01). Significance was defined as P < .05, cluster corrected for familywise error rate. Infant chronological age (corrected to a 40-week gestation), maternal educational level, total family income, and breastfeeding status at 1 month were used as covariates to control for potential confounding influences.
36,48-51 Mean volume-to-volume translation and rotation indexes were computed for each participant 52, 53 and included to ascertain that motion did not confound associations. Infant sex was included as a covariate in analyses of the overall sample. In 
Association Between Maternal Depression and Anxiety Symptoms and White Matter Microstructure
Positive associations were observed between the maternal depression and anxiety symptoms composite and MD, RD, and AD across white matter regions. Clusters were localized to the right hemisphere and included the anterior, superior, and posterior corona radiata, external capsule, and white matter underlying the dorsolateral prefrontal cortex ( Figure 1 ). More maternal depression and anxiety symptoms were also associated with higher right-hemisphere RD in the superior longitudinal fasciculus and optic radiations. Negative associations between prenatal maternal symptoms and FA were observed, including the external capsule, anterior internal capsule, superior corona radiata, and white matter of the superior-parietal and prefrontal cortices (eFigure 2 in the Supplement). The associations were not observed to be significant based on the specified P<.05 cluster-corrected criteria but were suggestive of an association at the P<.10 cluster-corrected level.
Maternal depression and anxiety symptoms were also associated with decreased ν IC , particularly in frontal brain regions ( Figure 2 ). Associations were stronger for maternal symptoms in the right hemisphere and included white matter of the superior, middle, and inferior frontal gyrus and the anterior and superior corona radiata. Higher maternal symptoms were additionally associated with lower ν IC in the righthemisphere external capsule and bilateral white matter of the frontolateral orbital gyrus and precentral and postcentral gyrus. No associations were observed with ODI across the whole group.
Association of Infant Sex With Maternal Symptoms and Brain Microstructure
Analyses further examined whether prenatal maternal depression and anxiety was differentially associated with infant microstructure in males and females. A significant sex × symptom interaction was found for FA in regions including the corona radiata, posterior internal capsule, sagittal stratum, and stria terminalis ( Figure 3A) . A sex × symptom interaction was also found for ν IC ( Figure 3B ) and ODI ( Figure 3C ) in the sagittal stratum, posterior thalamic radiations, and white matter adjacent to the hippocampus. These results suggest differing associations between males and females, with lower FA and ν IC in females and higher FA and ν IC in males exposed to higher levels of maternal depression and anxiety. Separate analyses of the DTI and NODDI measures in males and females revealed several notable associations with maternal symptoms across differential white matter regions (eFigure 3 in the Supplement); however, these associations did not remain significant after accounting for multiple comparisons.
Discussion
The prenatal period is a critical phase of neurodevelopment, with much of the brain's foundational infrastructure developing during this time. 16, 17 This period is also susceptible to genetic and environmental factors that can alter the offspring's lifelong trajectory of brain development. We provide evidence that prenatal exposure to maternal depression and anxiety symptoms is associated with an infant's white matter microstructure assessed at 1 month. Moreover, although we observed significant alterations across infants, the associations between prenatal symptoms and white matter were different in male and female offspring. Our findings complement increasing literature that draws attention to the importance of the prenatal period for early brain development 19, 55 and suggest that the infant neural microstructure may be sensitive to prenatal maternal depression and anxiety symptoms. Prenatal maternal depression and anxiety symptoms were associated with higher DTI diffusivities (MD, RD, and AD) and lower ν IC . These findings are consistent with previous 
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Neurite orientation dispersion and density imaging intracellular volume fraction revealed white matter-spanning bilateral regions of the prefrontal cortex, including white matter of the superior, middle, and inferior frontal gyrus and the anterior and superior corona radiata, that was negatively associated with the prenatal maternal depression and anxiety symptom composite. V IC indicates intracellular volume fraction. Scale indicates cluster-corrected P values.
Association of Prenatal Maternal Depression and Anxiety Symptoms With Infant White Matter Microstructure
Original who found a negative association between maternal depressive symptoms and DTI diffusivity measures in preschool-aged children. This discrepancy may be attributable to the age differences between the sample in our study and the sample of Lebel et al, 23 highlighting the potential importance of developmental changes on these associations. Future longitudinal studies are necessary to understand the influence of prenatal maternal adversity exposure across differing developmental stages. Higher diffusivity (MD, RD, and AD) and lower FA and ν IC are generally assumed to represent poorer white matter microstructure 26,29 and may reflect disrupted white matter development. 17 Although our findings are based on associations, they suggest that prenatal maternal symptoms may disrupt white matter development in neonates and potentially have a long-lasting bearing on child development. In particular, many of the white matter regions that were altered are critical for establishing connectivity within brain regions implicated in executive function, cognitive control, and emotion regulation. 56 Maternal depression and anxiety are known to adversely affect child behavioral and emotional outcomes 11 ;
our findings show that neural pathways may differ in these children as well. Because of the rapid postnatal maturation of white matter 16,17,57-61 and the likelihood that prenatal and postnatal influences within the first month contribute to shaping brain connectivity, it is likely that any developmental outcome that we study is the joint product of prenatal and postnatal influences. With sufficiently large sample sizes, it will be possible to track neonates and toddlers who may be exposed to prenatal maternal depression and anxiety symptoms at different developmental stages to determine whether prenatal exposure contributes additional variance to subsequent vulnerability above that contributed by postnatal influences. We also found differing associations of prenatal maternal depression and anxiety symptoms with white matter microstructure in males and females. Such associations may be linked to differing time courses of white matter development, with white matter in females developing earlier than in males. 59, 62, 63 The sex differences that we found are consistent with our earlier work showing that early-life stress and cortisol are associated with altered connectivity relations in females but not males. 64 Moreo v er ,W enetal 65 found the volume and FA of the right amygdala to be positively correlated with maternal depressive symptoms in 4.5-year-old female participants but not in male participants. These findings do not imply that white matter in males is resilient to prenatal maternal symptoms; instead, they suggest the possibility that such microstructural alterations in males may be detected at a different time during development. Whether the sex differences observed in our study are associated with subsequent development of sex differences in the prevalence of depression 66 requires further longitudinal study. Fractional anisotropy (FA) (A and D), neurite orientation dispersion and density imaging (NODDI) intracellular volume fraction (V IC ) (B and E), and orientation dispersion index (ODI) (C and F) were observed to be differentially associated with prenatal maternal adversity in the white matter of males and females, with associations localized within left-hemisphere white matter, including superior-frontal white matter, corona radiata, and splenium of the corpus callosum. Representative plots depict this differing association between males and females, with scatterpoints corresponding to individual mean criteria (FA, V IC , and ODI) and the solid lines corresponding to the lines of best fit with prenatal maternal depression and anxiety symptoms composite. DTI indicates diffusion tensor imaging.
Research Original Investigation Association of Prenatal Maternal Depression and Anxiety Symptoms With Infant White Matter Microstructure
The neural mechanisms that underlie associations between microstructural measures and maternal symptoms remain unclear. Axonal formation and growth of long-distance white matter bundles occur almost completely during the second trimester of pregnancy, 17 whereas myelination begins during the second trimester of pregnancy and continues throughout adolescence and early adulthood. 15,17 However, prenatal exposure to maternal depression and anxiety may affect each of these processes. Because diffusion measures are sensitive to a broad range of microstructural features, 28, 29, 67 future work should consider using techniques that are sensitive to specific tissue properties.
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Limitations
This study has several limitations. First, although our findings suggest a possible association between prenatal maternal adversity and infant white matter, our study design limits our ability to distinguish environmental and genetic influences. Differentiation of such influences may be possible in studies of infant twins. Second, we recognize the difficultly of distinguishing prenatal and postnatal environmental influences. Although we acquired neuroimaging data at 1 month and controlled for factors that shape postnatal neurodevelopment, 36,48-51 postnatal influences have already begun to affect development by 1 month. Third, the cross-sectional nature of our data restricts our ability to examine trajectories of infant brain development in association with prenatal maternal depression and anxiety symptoms. The current data allow us to establish a 1-month time point from which we can track the influence of later postnatal experiences. Furthermore, other distal factors may also be related to maternal depression and anxiety, 4,68-70 which may in turn affect early brain development. 50, [71] [72] [73] Experiential factors are important influences that shape early brain development. Our results complement existing literature that reports an association between prenatal depression and anxiety with offspring brain development, specifically white matter microstructure. However, we cannot conclude that the association between prenatal depression and anxiety is directly related in our study; that is, the crossgenerational association could conceivably be genetically mediated. Because our sample was recruited from the community, our findings have important implications for a broader population of mothers than clinic-based samples. The fact that subclinical symptoms predict alterations in early brain development underscores the importance of early intervention even in mothers experiencing mild depression and anxiety symptoms during pregnancy.
Conclusions
These findings draw attention to the importance of the prenatal period in early brain development. If replicated, our findings also invite more mechanistic studies of early processes that underlie the development of child behavior problems. More speculatively, they also might provide a rationale for the possibility that treatment of maternal depression and anxiety during pregnancy could mitigate how maternal adversity affects infant brain development. 
